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PROGRAM  SCOPE 


Three  separate  R&D  efforts  were  conducted  in  this  program.  Advances 
resulting  from  this  project  are  applicable  to  geographical  research  at  the  Phillips 
Laboratory. 

Tonic  1 :  "Fast  Acquisition  of  Spectral  Transients" 

Principal  Investigator:  Mr.  Wallace  K.  Wong 

The  objective  was  the  development  of  an  interferometric  spectrometer 
concept  for  detection  of  very-short-duration  optical  phenomena.  The  transient 
events  of  interest,  as  short  as  lightning  stroke,  say,  can  not  be  detected  by  the 
standard  Michelson  interferometers.  The  initial  spectrometer  concept  is  based  on  a 
no-moving  part,  "Tilted  Michelson”  or  "Common-Path  Triangle"  configuration.  A 
laboratory  breadboard  was  demonstrated.  An  analysis  of  its  advantage  and 
shortcomings  was  published  in  a  technical  paper. 

This  research  led  to  the  development  of  another  spectrometer  concept  for 
spectral  transient  detection.  The  new  concept  uses  a  Hadamard-coded  multiple- 
slotted  entrance  aperture  with  a  photodiode-array  dispersive  spectrometer.  Three 
additional  technical  papers  were  published  under  this  topic  and  a  breadboard 
instrument  was  demonstrated. 

Topic  2;  "Contamination  Degradation  Program" 

Principal  Investigator:  Mr.  James  J.  Guregian 

The  problem  is  the  in  situ  characterization  of  contamination  effects  on  clean, 
super-polished  mirrors  under  vacuum  conditions  similar  to  space  environments. 

The  techniques  and  experimental  results  have  led  to  a  better  understanding  and 
data  base  on  the  Bi-directional  Reflection  Distribution  Function  (BROF)  of  flight 
qualified  mirrors.  A  long-duration  mirror-exposure  experiment  was  conceptualized, 
designed  and  assembled.  Experimental  data  spanning  over  six  (6)  months  were 
collected  and  analyzed. 

Topic  3.  "Supersensitive  IR  Spectrometer  for  Spatial  Measurements" 

Principal  Investigator:  Dr.  Hoiger  M.  Luther 

This  is  a  concept  design  and  breadboard  issue  resolution  effort  to  champion 
an  advanced  spectrometer  approach.  The  study  addresses  the  potential  benefit  of 
a  cryogenic  Fabry-Perot  interferometer  in  front  of  a  Rockwell  Solid  State 
Photomultiplier  (SSPM)  for  a  super-narrow  bandpass  detector.  The  critical 
components  were  identified  and  detail  designs  were  proposed.  The  continuation  of 
this  effort  was  terminated  when  the  STRAW  mission  was  terminated  (due  to 
funding  cuts). 

The  rest  of  this  report  is  organized  into  three  separate  parts  that  cover  the  three 
topics  above. 
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Part  1. 

Topic  1.  Fast  Acqui^on  of  Spectral  Transients 
Prindpal  Investigator  Mr.  Wallace  K.  Wong 
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The  program  goal  is  to  develop  Vt\e  spectrometer  concepts  for  "fast  Acquisition 
of  Spectral  Transients"  a.k.a.  "FAST".  This  involves  the  design  and  development  of  a 
no  moving  parts  instrument  for  detection  of  very  short  duration  optical  phenomenon. 
Several  optical  designs  were  evaluated  during  the  course  of  this  project.  Several 
reports  documenting  findings  were  produced  under  this  project.  Namely: 

1 .  Roger  A.  VanTassel,  Wallace  K.  Wong.  Signal-to-Noise  Characteristics 
of  Photodiode  Array  Fourier  Transform  Spectrometers.  Mikrochimica  Acta 
[Wien]  1988.  li,  323-324. 

Discusses  the  findings  that  the  FAST  interferometer  is  comparable  in 
sensitivity  to  a  singie  slit  dispersive  photodiode  array  spectrograph. 

2.  Roger  A.  VanTassei  and  Wallace  K.  Wong.  Hadamard-Coded. 
Stationary-Entrance  Mask.  Photodiode-Array  Spectrometer,  in  the  SPIE 
Vol.  1145  (7th  international  Conference  on  Fourier  Transform 
Spectroscopy).  D.G.  Cameron  Ed..  1145.  (1989)  pp.  384-390. 

Describes  the  Hadamard  Transform  Spectrometer  concept  which 
provides  improved  sensitivity  over  the  original  FAST  concepts.  Data 
processing  algorithms  were  described  along  with  preiiminary  computer 
simulated  results. 

3.  U.S.  Patent  Number  5050989  was  granted  to  Roger  A.  VanTassel  and 
Wallace  K.  Wong  for  an  invention  known  as  Hadamard  Spectrograph  on 
24  September  1991. 

4.  J.  L.  Robichaud.  W.  K.  Wong,  and  R.  V.  VanTassei.  Measured 
Performance  of  a  Hadamard-coded  Photodiode-Array  Spectrometer,  in 
the  SPIE  Vol.  1575  (8th  International  Conference  on  Fourier  Transform 
Spectroscopy.  H.  M.  Heise.  E.  H.  Korte.  and  H.  W.  Siesler.  Eds..  (1992), 
pp.  255-257. 

5.  J.  L.  Robichaud,  W.  K.  Wong,  and  R.  V.  VanTassel,  Evaluation  of  a 
Hadamard-Coded  Photodiode-array  spectrometer  under  low  illumination. 
The  manuscript  was  submitted  to  Applied  Optics,  Optical  Society  of 
America  in  May,  1992  (accepted  for  publication). 


2 
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Signal-to-Noise  Characteristics  of  Photodiode  Array 
Fourier  Transform  Spectrometers 


Roger  A.  Van  TasseP-  ♦  and  Wallace  K.  Wong^ 

'  Air  Force  Geophysics  Laboratory  (LSP),  Hanscom  AFB.  MA  01731.  USA 
2  SSG,  Inc.,  Waltham,  MA  02154,  USA 


Abstract.  The  signal-to-noise  characteristics  of  two  configurations  of 
photodiode  array  Fourier  transform  spectrometers  are  compared  with 
that  of  a  conventional  grating  spectrograph  using  an  identical  photo¬ 
diode  array.  One  configuration  uses  a  Sagnac-type  common  path 
triangle  interferometer,  the  other  uses  a  stationary  tilted  mirror 
Michelson  interferometer.  While  the  common  path  triangle  configu¬ 
ration  has  the  property  that  the  resolving  power  is  independent  of  the 
field  position,  the  S/N  for  both  is  reasonably  comparable  to  the  grating 
spectrograph. 

Key  words:  photodiode  array  Fourier  transform  spectrometer. 


Two  configurations  of  photodiode  array  Fourier  transform  spectrometers 
which  utilize  techniques  pioneered  by  Stroke  and  Funkhouser  [1]  to 
produce  interferograms  in  space  rather  than  in  time  have  recently  been 
described  in  the  literature.  One  configuration  uses  a  Sagnac-type  common 
path  triangle  interferometer  which  shears  an  image  of  the  source  to  produce 
two  coherent  sources  which  interfere  when  superimposed  [2,  3].  These  two 
coherent  sources  are  then  placed  at  the  front  focal  plane  of  a  Fourier 
transform  lens  with  the  detector  array  at  the  rear  focal  plane.  A  second 
configuration  is  based  on  a  Michelson  interferometer  with  a  tilted  rather 
than  a  moving  mirror  [4].  In  this  case  the  optical  path  difference  is  produced 
in  the  plane  of  the  mirrors.  The  fringes  are  localized  in  this  plane.  They  are 
then  transferred  to  the  detector  array  by  means  of  a  lens.  The  common  path 
configuration  has  the  property  that  the  fringe  spacing,  and  hence  the 
resolving  power,  is  independent  of  the  field  position,  so  that  a  large  field- 
of-view  is  theoretically  possible.  To  make  use  of  this,  however,  requires  an 
array  with  variable  spacing  along  its  length  since  the  fringes  will  be  spaced 
slightly  more  closely  farther  from  the  optical  axis.  The  field  limitations  of 


*  To  whom  correspondence  should  be  addressed 
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Si(iMl>(o*Noue  Chanctoistics  of  Photodiode  Amy  FT  Spectrometers 


the  tilted  muror  Michelson  configuration  are  similar  to  that  of  a  conven¬ 
tional  scanning  Michelson  interferometer. 

The  signal  on  each  detector  element  for  an  ideal  instrument  using  either 
of  these  two  configurations  is  given  by 

Si  —  [IsjjBc  Sa{2(A/n)]  [1  +  cos  2jt  odj, 

where  e  is  the  RT  product  of  the  beamsplitter  (0.2S  for  an  ideal  beam¬ 
splitter),  r\  is  the  instrument  optical  efHciency,  is  the  spectral  radiance  of 
the  sourtt,  &ris  the  bandwidth,  f3is  the  field-of-view,  is  the  aperture  and 
is  equal  to  the  total  area  of  the  deteaor  array,  n  is  the  number  of  elements 
in  the  deteaor  array,  and  2l  is  the  optical  path  difference. 

The  signal  of  interest  in  signal>to-noise  considerations,  however,  is  the 
signal  in  spectral  space  which  is  given  by  the  Fourier  transform  of  the 
signals  from  the  array  of  individual  deteaor  elements.  This  is  given  by 

S  -  FTISJ  -  (n/^)aenB„ 

where  AJn  is  replaced  by  n,,  the  area  of  each  individual  daeaor  element. 

When  the  noise  is  pure  daeaor  noise,  it  is  given  by  fit  NEP/iT. 
Again,  taking  the  Fourier  transform  to  move  into  the  specif  domain  gives 
(^)NEP/]^,  The  signal-to*noise  is  given  by 

S/N-  )1n  {er}B„ 

This  may  be  compared  with  the  signal-to>noise  using  the  same  daeaor 
array  in  a  grating  spectrograph.  In  this  case  the  signal  is  given  by 
Si^  B„  So  aiftrj,  where  n,  is  the  area  of  the  slit  as  well  as  the  area  of  a  single 
daeaor  element  and  Q  is  the  field  of  view  of  the  instrument  which  is  given 
by  the  area  of  the  grating  divided  by  the  square  of  the  focal  length.  The 
noise  is  the  ^£P/lT,  so  that 

S/A^  (spectrograph) «  {BgSoa£iTi]'T)/{NEPi). 

The  ratio  of  the  S/N  of  the  Fouria  spectrometer  to  that  of  a  grating 
spectrograph  using  the  same  daeaor  array  and  having  the  same  field- 
of-view  is  then  e.  For  0.25  this  ratio  is  approximately  0.3  yn,  which 
for  a  512  element  daeaor  works  out  to  be  a  faaor  of  ei^t.  While  this 
would  appear  to  be  a  significant  improvement  over  a  grating  spectrograph, 
it  is  a  long  way  from  the  faaors  of  a  thousand  associated  with  the  perfor¬ 
mance  of  scaiming  Michelson  interfaometers  over  scanning  grating  spec- 
tromaers.  In  addition  it  is  difficult  to  build  a  diode  array  Fourier  spec- 
tromaer  faster  than  about  f/5,  whereas  f/1.5  flat  field  spectrographs  are 
presently  available.  This  increase  in  optical  speed  makes  the  S/N  for  a 
diode  array  Fouria  spectrometer  reasonably  comparable  to  a  grating  spec¬ 
trograph  fitted  with  the  same  array. 

References 

[1]  G.  W.  Stroke,  A.  T.  Funkhouser,  fhys.  Lett.  1965,  16,  272. 

[2]  T.  Okamoto,  S.  Kawata,  S.  Minami.  Appl.  Opt.  1984,  23.  269. 

[3]  T.  H.  Baines,  Appl.  Opt.  1985,  24.  3702. 

[4]  H.  Aiyamanya-Mugisha.  R.  R.  Williams,  Appl.  Spearosc.  1985,  39,  693. 
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A  Hadanard  tranafoxm  spectianater  has  bean  dasigned  which  uses  a  statioiazy 
HadasBxd  mask  at  tha  entrance  plana  of  a  holo«aphic  grating,  photodiode  axzaf 
^jectzanatar.  lha  mamk  contains  2II-1  slots  idiaxe  N  is  tha  nwhar  of  zaaolution  elonancs 
in  tha  photodiode  array.  The  instrument  uses  no  moving  parts  and  has  tha  ability  to 
cif>tura  the  t^jectrua  of  a  randoady  occurring  pulsa  source  «iiith  significantly  hii^^ 
signal-to-^ise  ratio  than  a  single-slit  array  spectrcxeecer.  It  utilizes  all-raflactiva 
nnri^  and  is  a  generic  design  suitable  for  use  in  the  ultraviolet,  visible  and  infrared 
when  with  a  detector  array  which  is  sensitive  in  the  region  of  interest. 


Hadanard  transfozn  techniques  are  %«11  known  in  spectroeoow  and  imeging  to  redooe 
the  effects  of  detector  noise.  <  In  ooncrasc  to  other  Hadaaard  instru  mentation  which 
utilize  moving  masks,  the  design  presented  here  ueee  a  etationary  Hadanard  seek.  Qa 
Bask  is  pleosd  at  ths  entrance  aperture  of  a  dispereive  array  spactramater.  This  daaiai 
has  three  distinct  adwitagssi  1)  Ihs  optical  throughput.  Is  incraassd  substantially 
on  aEvecaos,  approaiiiBBtely  11/2  opan  slits  %fiU  be  isagsrt  onto  the  detector  snsy 
for  each  spectral  resolutifln  elssant,  wheta  M  is  the  nuebar  of  resolution  slomaits  or 
piaals  in  the  detector  array.  2)  TSie  design  is  inhseantly  ragged  hacmae  it  dose  not 
require  interferometric  tolerances,  and  it  has  no  moving  parts,  which  avoids  the 
rtiffifftiit-iwa  which  csn  arise  froa  imperfections  caiaed  by  motion  of  the  meek.  3)  It  han 
the  capabili^,  as  does  a  single-slit  arr^  spactscsmter,  of  imasuring  the  spectnmi  of 


raidamiy  oocindng  pulse  souroes.  The  spectrun  of  a  single  pulse  can  be  dst 
unaabigously  even  if  the  pulse  length  is  less  than  the  raaaaut  time  of  the 
Nolt^le  pulses  within  the  readout  time  are  averaged. 


GcBfarison  of  the  Hadamard  design  with  a  conventional  singla-slit  spectinaatar 
which  is  with  a  linsar  dstactor  array  is  illustrated  in  Figure  1.  Ught  sneers 

the  Instrumant  through  a  single  encrance  slit.  The  optical  aepmtor  diswreea  the 
radiation  and,  if  the  radiation  is  monochrcBBtic,  focuses  an  image  of  the  slit  on  the 
focal  plane.  The  location  of  this  image  is  dstepainsd  by  the  wavelength  of  the  entering 
radiation.  Multiple  images  are  fanaad  by  polychraastic  radiation  anl  the  Bpactam  is 
obtained  directly  fron  ths  output  of  the  array  after  spectral  calibration  and  correction 
for  the  gain  and  offset  variations  which  are  an  inherent  part  of  the  data  pcooessing  for 
linear  photodiode  arrays. 

The  following  notation  is  introduced  in  this  section  berenise  it  is  useful  in 
describing  the  Hadamard  design.  As  shown  in  Figure  2,  in  a  single-slit 
spectrometer,  radiation  of  wavelength  1,  eyprossod  as  (El),  falls  on  detector  01,  E2  oa 
ta,  etc.  to  E7  on  07.  An  estimate  of  the  energy  E(n)  is  then  given  directly  fay  the 
signal  on  the  corresponding  dstsetor,  0(n).  T^irally  the  slit  width  is  made  idamical 
to  the  width  of  ths  individual  detects  elements  to  obtain  the  highest  spectral 
resolution.  If  a  higher  slgnal-to-noise  ratio  is  needed,  wider  slits  can  be  used,  but 
the  spectral  resolution  will  be  reduced. 
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Figure  2.  Optical  schematic  of  a  single-slit 
array  spectrcneter. 


Figure  1.  Ocafarlson  of  a  single-slit  array 
Rpsctraneter  %«lth  a  Hariward-entrance  naslc 
array  spactrasster. 


3.  HADAMAHD-MASK  ARRAY 


I 


In  the  Hadasiard  design  prnsantod  here,  a  Hariiemird  naaif  %fith  2N-1  slots  is 
at  the  front  focal  plane  of  a  ^seccxonater  and  is  used  as  the  entxanoe  aperture  fw  the 
systasi,  as  is  shown  in  Figure  3.  T!he  pattern  or  coding  of  the  HrYlrmnri  mnntr  is  baaed  on 
repeating  the  first  row  of  an  S-oatrix.  For  nonnchrniatic  radiation  a  miizor  of 

the  mask  is  than  prodaoad  at  the  back  focal  plane  by  the  optiaal  separator.  The 
position  of  this  is  also  detennined  ty  the  wavelength  of  the  inoonung  beam.  For 

polychromatic  radiation,  lailtiple  inages  axe  superiiipoaod  on  the  detector  axxay. 

1.1  PtoHnatign  Qi  the  frmatcut 


Initially  we  assuae  that  the  optical  system  is  perfect.  This  means  that  a  aixxor 
image  of  the  mask  is  reprockced  perfectly  at  the  exit  plane.  In  addition,  we  assiaai 
that  it  is  linear  shift  invariant  so  that  a  change  in  the  wavelength  of  the  incoming 
radiation  by  n  61  will  shift  the  image  of  the  mask  exactly  n  pia^,  where  n  is  an 
integer  frcn  1  to  N,  the  total  number  of  resolution  elsmants,  and  61  is  the  apectxal 
bandwidth  or  resolution. 


For  N  «  7,  there  are  13  indivickial  slits.  These  are  danoted  by  SI,  S2  .  .  .S13. 
The  wavelengths  are  defined  to  be  the  ssme  as  those  for  a  single-slit  spactrcameer,  i.e. 
radiation  from  the  central  slit  falling  on  detector  01  is  Bl.  Radiation  of  central 
wavelength  (E4)  passing  through  position  S7  nrrewrs  at  tha  position  of  detector  04. 
— >  this  Xma^  is  iet>erser1  by  the  Imaging  optics,  the  energy  fros  nnwitton  S8 
snpesra  at  03,  S9  at  02,  and  SIO  at  01,  while  radiation  from  Sll,  12  6  13  falls  out  of 
m  field  of  the  entire  array. 

This  procedure  reeults  in  the  following  set  of  equations  which  indicate  the 
ocnbinations  of  wavelengths  tnhich  contribute  to  the  signal  frcn  the  different  detector 
elements: 


D7»El+E2+E3+E5+el 
D6«El'»-B2-i'E4-i'e7'i'e2 
05«El+E3-i-E6'i'E7-«'e3 
04>E2'i'E5-t-E6-«'E7-«'e4 
03  »  El  +  E4  +  E5  +  E6  +  e5 
D2-E3  +  E4  +  E5  +  E7+e6 
01  »  E2  +  E3  +  E4  +  E6  +  e7 

where  e(n)  is  the  noise  associated  with  each  of  the  detector  elements. 
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OPTICAL  S9ARATOR 


1  2  3  4  S  S  7 
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Figure  3.  Optical  schonatic  of  a  Hadanard* 
entzance-nask  eizzay  specczaaeter. 


•€XACT  RAV  TRACE  FROM  SLIT  TO  CRATMG  TO  FRA 


Figure  4.  Scheaatic  of  the  zay^tracing 
procedure  used  to  detesRixie  the  weighting 
matrix,  H. 


These  equations  can  be  expressed  in  matrix  notation  as  D,.  *  S  B  *•>  e,  where  Or 
is  the  si^iai  fzaa  the  detector  elesents,  Ydth  the  subscript  r  used  as  a  zeeindec  that 
the  elsBBnts  mist  be  read  in  reverse  because  the  image  is  zewezsed,  and  S  is  an  S-eetrix 
of  order  7  given  by 


S 


1110  10  0 
110  10  0  1 
10  10  0  11 
0  10  0  111 
10  0  1110 
0  0  1110  1 
0  1110  10 


Notice  that  the  first  row  of  this  matrix  is  given  by  the  first  seven  slits  of  the 
mask.  the  S-aatrix  is  a  left  circulant  matrix,  w  remaindar  of  the  matrix  say 
be  found  by  shifting  one  place  to  the  left  while  moving  down  a  row. 


The  source  spectrum  is  estimated  by  multiplying  0  tv  inverse  of  the  S>  matrix, 
E  *  S-*0  S’^e.  The  source  spectrus  is  given  by  the  first  term,  B  *  S**D,  and  tha 
noise  by  E  -  E  »  e  «  (VN/2)e,  where  N  is  the  number  of  elements  in  the  detectcr 
array  and  e  is  the  average  noise  of  a  single  detector  element. 


3.2  Effect  of  ODtiT^I  »K»rT^1nn  unri  mm— mhlr  wumlflraitlnn 

The  above  fdnmlation  aaaimsKi  perfect  imaging  of  the  individual  slits  of  the 
Hadamaxd  mask  on  the  individual  elements  of  the  detector  array  for  all  wevelengths. 
However,  optical  aberrations  will  cause  liadtaticne  on  the  quality  of  this  image.  In 
addition,  we  have  assixned  that  the  image  of  the  entire  meek  is  shifted  linearly  for  a 
shift  in  wavelength,  e.g.  that  slits  1,2, 3,... at  the  entxanoe  aaak  axe  imaged 
respectively  unto  elements  j’t’l,j-*-2,j-»'3,...at  the  detector  plane.  Deviation  from  this 
condition  is  called  anamorphic  magnification. 

Nhen  the  effects  of  optical  aberration  and  anamorphic  magnificat  ion  axe  includad 
in  the  analysis,  the  energy  distribution  at  the  detector  array  may  be  given  as  0  »  H  B 
*  e,  where  W  is  a  matrix  containing  the  actual  wei^tting  coefficiants.  The  matrix,  N, 
may  be  expoused  as  the  product  of  S  and  T,  such  that  H  «  S  T,  vihere  S  is  the  siaplex 
matrix  of  I's  and  O's,  and  T  hencmes  the  transfer  matrix  vdiich  represents  the  difference 
between  the  real  systea  and  an  idosliTrrl  systaa.  For  a  perfect  optical  system  T  is  as 
identity  matrix  of  order  M;  for  aiy  practical  systaa  it  will  approximate  a  diagcxial 
matrix. 
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_ ,  , ,  pecfazmance  of  a  praHminnry  Hadanaid-nask  axzay  spactxanecer  %«s  bv 

Bdal^  a  system  using  an  anay  %rlth  167  olsamncs.  An  £/2£lat-£i«ld  snetzo*  ozart 
mochreautor  was  dasignad  by  Aamrican  Holographic  of  Littleton,  Itassachusects, 


oting  and  placms  the  Hadasazd  mask  on  the  fzortt  focal  plana,  which  is  to 

ujptove  the  focus  on  the  detector  azzay.  This  design  assuaes  that  the 

"W*^****-  attay  is  flat,  although  it  is  possible  to  specify  a  curved  dat^et-fiy  azzay  as 
wU.  This  would  allow  both  the  entrance  mask  and  detector  azzay  to  lie  on  a  ftowlaixl 
circle. 

The  H^natrix  «am  detennined  ty  means  of  a  ZEy-tzacing  program.  The  prrrwwir«»  is 
npcaaentad  diagtanmatically  in  Figure  4.  Rays  were  traced  for  each  of  the  167 
Mmelangths  fzam  each  of  the  167  open  slots  on  the  mask  to  81  different  on  the 

gpEsting  and  were  then  pcopagatad  to  an  element  on  the  detector  plane. 


TVo  diffezent  ^pes  of  spectra  were  used  to  assess  ttm  design,  a  raectzum 
consisting  of  a  rasp  t#ith  intensi^  one  at  waselength  1  to  intensity  1^  at  wevelength 
167,  and  a  spectnn  consisti^  of  only  a  single  line.  The  were  then  nr*ne»r«r> 

in  tfeo  «mys  to  assess  the  ispact  of  optical  aberrations  and  anaaocphic  — igw* 

The  designate  "tinootrected  spectra"  zefeza  to  a  in  which  the  is 

rsoowered  using  only  the  invecBe  of  the  S-matzix.  This  ignores  the  effects  of  optical 
aberrations.  The  cozzectad  qmetzum  uses  the  full  N^mstrix  and  includes  oorzections  for 
all  optical  aberrations. 


jmiinimjiri:] 


I  I  1  I  I  __ 


-n- 


•  II  TIMWMn 


Figure  5.  Raooveoed  spectra  of  a  zaep  iiput  Figure  6.  Absolute  aeplitude  errtw  of  the 
speetzuB  using  the  inverse  of  the  S  matrix  uncorzected  spectnmi  in  Figure  S. 

(uncorzected)  and  the  inverse  of  the  w 
eetzix  (cozzected). 


The  results  of  iising  both  procedures  with  the  raop  spectrum  as  the  input  are  shown 
in  Figure  S  with  the  errors  plotted  in  Figures  6  and  7.  Significant  errata  occur  using 
only  the  SHnstzix,  especially  at  the  ends  of  the  spectral  range.  These  are  largely 
oorzscted  whan  the  THnatzix  is  included.  As  can  be  seen  in  Figure  7,  the  absolute 
deviations  increase  as  the  signal  increases. 
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Figure  7.  Absolute  ai^litude  error  of  the  Figure  8.  Recovered  uncorrected  qiectruB  of 
corrected  spectrum  depicted  in  Figure  S.  a  line  input  spectrum  at  C81  with  asplitudi 

of  81. 


Tha  same  procedure  was  used  tfith  a  source  spectnan  consisting  of  a  single  line  of 
intensity  81  at  E81.  The  zeoatvered  uncorrected  spectzua  using  only  the  S-aotrix  is 
shown  in  Figure  8,  with  the  aafalitude  erzozs  plotted  in  Figure  9.  The  recovered 
corrected  spectzuni  using  both  the  S-  and  T-^atzix  is  shewn  in  Figure  10,  with  its 
amplitude  errors  plotted  in  Figure  11.  The  recovered  line  ^ectzin  is  broadsnsd 
significantly  if  cuy  the  S-maczlx  is  used  to  determine  the  spectrum.  Using  both  S>  and 
T-matrices  reduces  these  errors  to  insignificance. 


Figure  9.  Absolute  amplitude  error  of  the 
spectnan  shown  in  Figure  8. 


WCCtmi.  BBHMr  NUMM  It  IMW  wn 

Figure  10.  Rsoovered  corrected  spectrun  of  a 
line  input  spectnan  at  E81  vdth  aaplitudM  of 
81. 


4.2  The  effects  of  detector  noise 

The  effects  of  noise  were  assessed  by  using  actual  noise  which  had  been 
fron  a  Reticon  1024S  photodiode'  array.  A  sanple  of  dark  noise  with  a  single  line 
superinposed  at  E88  is  shnai  in  Figure  12.  The  enplitude  of  the  line  wes  dioeen  to  be 
three  timra  the  rms  detector  noise.  This  is  the  output  which  may  be  expected  from  a 
single-slit  array  spectrometer.  At  this  level  the  line  is  obscured  by  detector  noise. 
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I  II  ]l  II  «l  il  *1  'I  *1  «l  101  III  111  111  Ml  111  Ml 

SMcnuv  lUMMT  MUMM II  now  ion 

Figure  11.  Abuolute  aoplituds  error  of  the 
spactxuB  shown  in  Figure  10. 


II  )l  *t  ‘.I  f  71  tl  101  III  111  I).  Ml  111  Ml 

wtntM.  n  nuT  wiM—  iinoMion 

Figure  12.  The  output  of  a  single^sUt, 
array  spectraaacer  with  dstectoc  noire  fzcn 
a  Retioon  photodiode  array  aupetiapoaed  over 
a  spectral  line  at  E88  with  a  S/N  of 
apprcaciretely  3. 


Figure  13.  The  uncorrected  recovered  Figure  14.  The  oorractad  recovered  spactrus 
spactrun  with  a  line  at  E81  having  an  with  a  line  at  E81  having  an  ai^litude 
—pUfivIn  identical  to  that  in  Figure  12.  identical  to  that  in  Figure  12. 


Using  a  source  spectros  consisting  of  the  sasa  annlitude  at  E81  in  the  Hadaaatd 
syetam  danonscracas  the  ability  of  this  systsn  to  significantly  ispcove  the  signaloto- 
noise  ratio.  Figures  13  and  14  show  the  unoorrectad  and  corrected  spectra, 
respectively.  The  asplitude  error  of  the  line  is  Icmbt  in  the  corrected  spectrua, 
although  the  noise  in  this  spectraa  is  greater. 

ii.  rraniKicNR 

An  analysis  of  a  preliminary  design  of  a  photodiode-array,  grating  spectrometer 
with  an  entrance  aperture  widened  by  means  of  a  Hadaseid  asMk  danonstraces  that  this 
concept  is  useful  for  significantly  increasing  the  signai-to-noise  over  that  of  a 
oonventicnal  array  spectremstar. 
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We  repoet  pcefaewaBce  BicewrcmBi  of  a  phomfiode  mw  Hadanml  ttMafam  ^ectWMicr  (HIS)  niih  a 
ddkwiy  entwace  aMofc.  The  thniiigli|wt  of  d>e  andi^tft,  mnnowag  paett  imnuiinie  it  tfaowi  lo  ydd  a 

ajpatat^M^her  S/W  ratfa  dual  a  rin^  ift  amy  tpecmaactar,  laadffiti^iieegaoBiBemBoesafiBWraaMa^ 


i.BfrRnwmf« 


^  iMgr».jMarrAnnw  awn  gmiMgwrai  varrmim 


An  optical  adwaatie  of  the  qotem  b  ahomi  m  F^ore  L  Oaagnicdoo  of  the  nomnaeat  was  baMd  on  aa  F/2, 300 
BOB  racto  of  carratare  hotographic  giatiag.  The  eatnace  auak  ii  ooaqaised  of  lOQS  ad^oiaiag  doti,  each  dot  50 
ftmwndtbfiJOmmbi^  The  cacodmient  of  the  eanaace  aadc  is  baaed  on  aa  N»503  HadaaMrd 


13 


0-at94^J706’2/92/S4.00 


SACVoL  ISTSaihlnmtmtiantlConknneBonfaurimrTnmlomSptitromtpvllSSV/  2SB 


I  ■  I  4\tma9vti 


— fii»  Tte  detectiv  aiTqr  is  as  EG&G  IUJ024SAF  sffiooB  piwlodiode  vrqr,  oaoniiig  of  11 
CMh  2S  im  bsr  IS  BUB  large.  Ilw  sytteai  has  a  spectral  raage  of  bbi  to  1072  BBundi  a  renlat 

la  oar  aqperiaMaial  tmagemeat  (F|gare  2)  a  2S0  W  nUte  fight  TaajpieB  hoop  was  iikered  fajr  aa  840  oas  (13  bb  - 
PfVHM)  iBterfercaoe  fiber  aad  osed  to  iflninhiatf  a  dfilwr  traBUBittBit  screcB  m  fitoot  at  the  speetroBMter's 
eaimceaadL  The  me  of  the  ahaamated  area  was  coBOofled  to  create  aa  F/2  otgecL 

The  adfiaoBactfiodesBi  the  1024  array  iveresBBUBed  to  form  aaeqaifrieacSUiBielarrajr.  A  sefOKBC  which 
coRopaaded  to  a  SQ9  elenent  saaqile  was  lekcted  froos  the  512  data  poiais  after  caBsalioB  with  a  Bwanchroaiatic 
source  (H^e  laser).  Farther  preprooessiag  coaabted  of  removal  of  the  dark  eokage  deiecnr  aoise.  Thetek 
*7  *■■**— ^  — «*  •  «*-***"-  *"***P"  ^  TW  data  was  thea 

Mwitipiw  \ff  n  Muerae  Smstris  hi  order  to  decode  the  Hadaamrd  cacoded  spectrd  adbruMSioa.* 
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Tte  HadMMtd  Tnaifira  ipcUfiwctcr  his  the  <niiHliiy  of  wwhiiicoM^  fiptwriin  ipsciil^ 

epooded  ^eetnl  atfDnMdoa.  The  cacoded  vectnn  of  as  MO  bb  test  sovoe  has  been  saooeal^  reoanorocted 
BSa^  dw  Bsimcac's  adnatafe  to  jneld  a  S/N  issiaoeeaMBt  of  ahwoff  a  boor  of  6  is  comparisoB  to 

•  aagle  sfit  caafigBradaB.  Tha  ^B^ao^ed  S/N  peribnaaace  is  aot  as  high  as  die  dieoeedeal  Sent  of  H^^/2  »  11  dae 
pattiaHr  to  niirf*^— **  — i—|itin—  i»  tmr  mmirf*  Obt  theorcdcal  iDodel  deoodes  spccsnl  mfonaatkai 

from  die  spadalb'  — «^t****  voltage  oatpot  bjr  traasfiwmaiioo  thrangh  a  biaaiy  S-Baaiz,  osiag  wttm  elemeass  of  I's 
Md  (Ts  eadiiBieiir.  The  biBByS^aatiaassiBBed  perfect  optiGaiBBagBig,liBeaar  shift  nnwiaaoe,aBdBaifiBBi 
detector  aad  gndag  cfBckacies.  A  tnMr  represcBtadoB  of  oor  sgateai,  aad  a  better  deoorfag  scheaie,  oorfd  be 
tepkBeBted  bjr  rqlaciBg  die  faiaaqrS-autriB  iridi  a  WnaaCRC  which  coaiaiBs  the  actoal  wei^b^  oocfficMBts 
canre^oadiq;  to  obt  iBStnuieac*s  BBagog  aad  ^St**-*"*"*  properties  aad  its  spectral  respaaamdes*. 
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kBSTRkCT 

Hadaaard  spectrometers  are  well  known  for  their  multiplexing 
and/or  throughput  advantages.  Traditionally  these  instnmants 
require  moving  entrance  and/or  exit  masks.  The  performance  of  a 
breadboard  photodiode^-array  Hadamard  tremsform  spectrometer  (HTS) 
with  a  stationary  entreuice  mask  was  evaluated  against  the  same 
instrument  configxired  with  a  single  entrance  slit.  The  higher 
throughput  of  the  multislit,  no-moving  parts  instrument  has 
provided  a  higher  signal  to  noise  ratio  (S/N)  over  the  single 
slit  spectrometer  imder  low  illumination  conditions.  Sources  of 
noise  are  exeunined  for  the  single  slit  zmd  multislit  Hadamard 
instruments  and  improvements  for  futtire  designs  suggested. 

keywords:  Had2unard  transform,  spectroscopy,  high  throughput. 
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I,  IMTRQDDCTIOM 

The  application  of  Hadaaard  transform  techniques  in 
spectroscopy  has  provided  throughput  and/or  multiplexing 
advantages  in  comparison  with  traditional  single  slit 
spectrometers.^'^  A  single  slit  spectrometer  can  capture  all  of 
the  spectral  co]iq)onents  simultzmeously  by  the  use  of  a 
photodiode-array  in  the  exit  plane.  However,  the  throughput  of 
the  instrument  is  still  severely  limited  by  the  small  aurea  of  the 
entrance  aperture. 

Improved  throughput  has  been  obtained  by  application  of 
large  area,  spatially  encoded  masks  at  the  entrance  and/or  exit 
planes.  These  multislit  instruments  use  a  single  detector  amd 
moving  entrance  or  exit  masks.  Doubly  encoded  designs  with  N 
entramce  and  N  exit  slits  require  2N-1  measurements.^  More 
recently  a  Hadamard-coded  entramce  mask,  photodiode-aurray 
instrument  has  been  proposed  and  demonstrated,  it  has  the 
advamtage  of  no  moving  paurts.^'^  The  instrument  has  a 
theoretical  throughput  advamtage  over  a  traditional  single  slit 
spectrometer  since  approximately  N/2  open  slits  aure  used  to  image 
radiation  onto  the  detector  aurray.  The  design  does  not  require 
interferometric  tolerances,  amd,  having  no  moving  paurts,  it  is 
inherently  more  rugged  than  a  scamning  system.  Additionally,  the 
spectrometer  measures  all  the  spectral  elements  simultaneously, 
providing  the  capability  of  measuring  randomly  occxirring  pulse 
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sourcss. 


II.  THBQRgPICM.  CQMPMtISOy  WITH  8niai.g  ■SLmgggTRQittTm 

Conpeurison  of  the  Hadeunard  design  with  a  conventional  single 
slit,  photodiode-array  spectrometer  is  illustrated  in  Figure  1. 
The  single  slit  spectrometer  will  be  described  in  order  to 
introduce  notation  which  is  useful  in  describing  the  Hadamard 
design. 

A.  Single  Slit  Photodiode^array  Spectrometer. 

In  the  single  entrance  slit  instrument  the  optical  separator 
disperses  the  incoming  radiation  2md  forms  an  image  of  the 
entremce  slit  at  the  focal  plane.  The  location  of  this  image  is 
determined  by  the  wavelength  of  the  incoming  radiation.  Multiple 
images  are  formed  by  polychromatic  radiation,  emd  the  spectrum  is 
obtained  directly  from  the  output  of  the  array.  An  estimate  of 
the  energy  E(n)  is  given  directly  by  the  signal  on  the 
corresponding  detector  0(n) ,  by 

D(n)  *  E(n)  +  e(n),  (1) 

where  n  is  an  index  over  the  number  of  spectral  elements,  N-,  and 
e(n)  is  the  detector  noise  associated  with  the  nth  detector. 

In  this  single  slit  instrument  the  energy  of  the  nth  spectral 
element  is  estimated  by 
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(E(n)>  -  D(n), 


(2) 


and  the  difference  between  the  estimate  2uid  the  energy  is 

(E(n)>  -  E(n)  =  e(n) .  (3) 

We  can  use  equation  (3)  to  form  an  expression  for  the 
theoretical  signal  to  noise  ratio  expected  from  the  single  slit 
spectrometer  as 

S/N,ingi,  .lit  “  E(n)/e(n).  (4) 

B,  Hadamard  Transform  Photodiode-array  Spectrometer. 

In  the  Hadamard  design  presented  here,  a  Hadaauurd  mask  with 
2N-*1  slits  is  placed  at  the  front  focal  plane  of  a  spectrometer 
and  is  used  as  the  entrance  aperttire  for  the  system.  The 
pattern,  or  coding,  of  the  Hadameurd  mask  is  based  on  repeating 
the  first  row  of  a  circulauit  S-matrix,  as  well  described  by 
Heunfit  and  Sloeme.^  For  monochromatic  radiation  a  mirror  image 
of  the  mask  is  produced  at  the  back  focal  plane.  The  position  of 
this  image  is  determined  by  the  wavelength  of  the  Incoming  beam. 
For  polychromatic  radiation,  multiple  images  are  superimposed  on 
the  detector  array.  We  can  form  a  general  expression  for  the 
detector  output, 

tr-i 

Din)  =  ein)  + '^Eij+D  *S[j+N-in-l)'] , 
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irhere  j  is  an  index  over  the  N  spectral  elements  emd  S(j} 
represents  the  encodement  of  the  2N-1  slit  positions. 

For  illustration  we  consider  the  case  of  H»7.  For  N>7, 
there  are  13  individual  slits.  We  model  an  idealized  optical 
system  where  a  mirror  image  of  the  entrance  mask  is  perfectly 
reproduced  at  the  exit  plane.  In  addition,  we  assume  that  the 
instrument  is  line2u:  shift  inveuriant  so  that  a  change  in 
wavelength  of  the  incoming  radiation  by  m£A.  will  shift  the  image 
of  the  mask  by  exactly  m  pixels,  where  m  is  2Ui  integer  from  i  to 
N.  We  can  apply  equation  (5)  to  this  idealized  instnunent  along 
with  the  Hadauneurd  encodement,^ 


1110100111010, 


(6) 


where  1  represents  a  transmitting  slit  position  and  0  an  opaque 
slit  position,  to  yield  a  specific  set  of  equations  representing 
the  7  detector  outputs  as 


D(l)  «  E(2)+E(3)+E(4)+E(6)+e(l) 

D(2)  =  E(3)+E(4)+E(5)+E(7)+e(2) 

D(3)  =  E(l)+E(4)+E(5)+E(6)+e(3) 

D(4)  *  E(2)+E(5)+E{6)+E(7)+e(4)  (7) 

D(5)  =  E(l)+E(3)+E(6)+E(7)+e(5) 

D(6)  =  E(l)+E(2)+E{4)+E(7)+e(6) 

D(7)  *  E(l)+E(2)+E(3)+E(5)+e(7)  . 


We  can  express  the  detector  outputs  in  matrix  form  by 


SBn  + 


(8) 
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where  8  is  an  S>matrix  of  order  7  given  by. 


s  = 


1110  10  0 
110  10  0  1 
10  10  0  11 
0  10  0  111 
10  0  1110 
0  0  1110  1 
p  1  1  1  0  1  0, 


(9) 


We  C2m  find  an  estimate  for  the  energy,  (  Bq)  ,  by 


B„  -  8-l(D„  -  V. 

(10) 

(«„>  .  s'X. 

(11) 

in  this  case  estimating  the  energy  of  the  spectrum 

matrix  multiplication  by  an  inverse  S-matrix.  The 

between  the  estimate  and  the  energy  is  given  by. 

requires 

difference 

=  5-1  *•„  = 

(12) 

where  N  is  the  number  of  spectral  elements  emd  e  is  the  average 
noise  of  a  single  detector  element.^  We  CcUi  use  equation  (12)  to 
form  em  expression  for  the  theoretical  signal  to  noise  ratio 
expected  from  the  multislit  spectrometer  as 

S/Nn„,lti8lit  “  ((N/2)*B„)/e„.  (13) 

The  factor  of  N/2  is  a  result  of  the  N/2  open  slits  which  are 
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used  to  image  radiation  onto  the  detector  eurray.  We  can 
determine  the  theoretical  S/N  ratio  improvement  obtained  with  the 
multislit  instrument  by  teUcing  the  ratio  of  the  single  slit  and 
multislit  S/N  ratios  from  equations  (4)  and  (13), 

N/2*E 

multi  _  y/^*e  _  (14) 

aiagl9  alit  jE  2 

e 

The  above  formulation  asstuned  perfect  imaging  of  the  entrance 
mask  onto  the  focal  pleme  for  all  wavelengths.  However,  optical 
eUaerrations  will  cause  limitations  on  the  quality  of  the  image. 
The  degree  of  aberration  will  vary  for  different  wavelengths, 
since  different  wavelengths  eure  imaged  onto  the  detector  array 
from  different  entrance  mask  slit  positions.  In  addition,  we 
have  assumed  a  shift  invariant  system.  Anamorphic  magnification 
in  a  real  instrument  will  cause  deviation  from  our  theoretical 
construction.  When  the  effects  of  optical  aberration  and 
anamorphic  magnification  are  included  in  the  emalysis,  the  energy 
distribution  at  the  detector  array  may  be  given  as 

Dn  =  W  Bn  +  •«  (15) 

where  W  is  a  matrix  containing  the  actual  weighting  coefficients 
corresponding  to  the  real  instzniment.^ 
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A  photograph  of  the  instrument  is  shown  in  Figure  2. 
Constructio’<  of  the  instrument  was  based  on  an  F/2,  300  mm 
radius-of-curvature,  holographic  grating.  The  entrance  mask  is 
comprised  of  501  adjoining  slit  positions,  each  50  im  vide  by  1.5 
mm  high.  The  spatial  encodement  of  the  entrance  mask  is  based  on 
an  N>251  Hadamard  encodement.  The  detector  aurray  is  em  E6&G 
RL1024SAF  silicon  photodiodc-emray,  consisting  of  1024 
photodiodes,  each  25  tm  wide  by  2.5  mm  high.  The  system  has  a 
spectral  range  of  737  nm  to  953  nm  with  a  theoretical  resolution 
of  0.9  nm.  The  grating  was  designed  on  a  Rovlemd  circle.*^  The 
entrance  mask  was  formed  on  a  flexible  film  to  allow  for  the 
required  curvature  while  a  curved  focal  plane  was  achieved  by  a 
concave  spherical  fiber  optic  face  plate.  The  Integration  time 
of  the  detector  array  was  set  at  180  ms.  Array  readout  was 
i]iq)lemented  with  a  Keithley  A>D  converter  in  an  IBM-AT  personal 
computer. 

The  experimental  arrangement  is  presented  in  Figure  3.  A 
variable  power  Tungsten  lamp  was  filtered  by  a  806  nm  (13  nm 
FWHM)  interference  filter  and  used  to  illuminate  a  diffuse 
transmitting  screen  in  front  of  the  spectrometer's  entrance  mask. 
The  size  of  the  illximinated  area  was  controlled  to  match  the 
acceptance  angle  of  the  spectrometer. 
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Adjacent  diodes  in  the  1024  array  were  sunned  to  fom  an 
equivalent  512  pixel  array.  A  sequent  which  corresponded  to  a 
251  elenent  sample  was  selected  fron  the  512  data  points  after 
calibration  with  a  Xe  pen  leuap  line  source.  Further 
preprocessing  consisted  of  removal  of  the  detector  d2urk  voltage. 
The  deurk  voltage  was  obtained  by  blocking  the  entrance  mask  and 
taking  a  detector  output  voltage  file.  The  data  were  then 
multiplied  by  an  inverse  S-natrix  in  order  to  decode  the  Hadamard 
encoded  spectral  information. 

A  Xe  pen  lamp  was  used  for  edasolute  wavelength  calibration 
and  also  to  determine  the  spectral  resolution.  The  pen  laiiq)  is 
constructed  from  6  mm  diameter  queurtz  tubing,  and  is  50  mm  in 
lemgth.  This  shape  allowed  us  to  locate  the  lamp  directly  in 
front  of  the  entrance  mask  in  a  horizontal  orientation,  providing 
relatively  xiniform  illumination  across  the  entremce  mask.  We 
insured  that  all  of  the  instrument's  acceptance  angle  was  used  by 
inserting  a  diffuser  between  the  lamp  and  the  entreuice  mask. 

lY  t 

A.  Xe  Pen  Lamp  Source. 

Spectra  obtained  from  the  Xe  pen  lamp  in  single  and 
multislit  configurations  are  presented  in  Figures  4  emd  5. 
Analysis  of  the  strong  line  at  883  nm  the  Hadeunard  transformed 


spectra  yields  a  spectral  line  width  of  2.5  nm.  The  single  slit 
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spectra  yields  a  line  width  of  2.4  nm  for  the  same  line,  however, 
this  spectral  width  was  obtained  with  a  100  nm  slit  width,  as 
opposed  to  the  50  nM  slit  widths  used  in  the  multislit  mask. 

This  apparent  loss  of  resolution  with  the  multislit  mask  may  be 
attributed  to  the  optical  aberration  of  the  imaging  properties  of 
the  concave  holographic  grating.  The  instrument  requires  imaging 
of  a  25  mm  object  with  uniform  dispersion,  magnification,  and 
blur  size.  Any  deviation  from  perfect  optical  performance 
results  in  a  reconstructed  spectra  with  noise  broadened  spectral 
features. 

B.  Barrair  Bandpass  Filter  Source, 

The  data  tedcen  with  the  narrow  bandpass  filtered  source 
yielded  detector  outputs  as  displayed  in  Figure  6.  This  detector 
output,  or  encodegram,  is  a  result  of  the  superposition  of  many 
images  of  the  Hadamard  encoded  entrance  mask  at  the  focal  plzme. 

A  number  of  reconstructed  spectra  obtained  with  different 
illumination  levels  are  presented  in  Figizre  7.  The  spectral 
features  long  of  the  peak  centered  at  806  nm  eure  instrumental 
artifacts.  The  single  slit  (lOO  tm)  spectra  were  obtained 
directly  from  the  detector  output  after  replacing  the  multislit 
entrance  mask  with  a  single  slit  entrance  mask.  The  single  slit 
spectra  obtained  with  the  same  three  illumination  levels  eure 
presented  in  Figiire  8. 

C.  Boise  Sources. 
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A  conparison  of  the  single  and  multislit  spectra  shows  that 
the  spectral  noise  in  the  two  instruments  has  different 
charactcuristics.  The  single  slit  spectra  has  a  noise 
distribution  which  appears  to  be  relatively  constant  as  the 
source  strength  is  increased.  However,  the  noise  in  the 
multislit  spectra  increases  with  the  source  strength.  This 
observation  is  quantified  in  Figure  9  where  the  100  ^m  single 
slit  (b)  and  50  /m  Hadameurd  encoded  multislit  (a)  instruments 
have  been  used  to  obtain  a  number  of  different  S/N  ratios  versus 
source  strength.  The  source  strength  was  measured  with  a  Si 
photodiode  on  a  relocatable  stage.  The  single  slit  S/N  increases 
linearly  with  source  strength  for  the  full  ramge  of  source  levels 
examined.  The  multislit  spectra  S/N  increases  with  source 
strength  at  a  faster  rate  than  the  single  slit  spectra  but  then 
levels  off  at  a  S/N  ratio  of  approximately  18.  The  single  slit 
spectra  S/N  improves  linearly  since  the  main  source  of  noise  is 
detector  noise  which  is  relatively  constemt.  The  dark  voltage  of 
the  detector  array  was  obtained  and  removed  from  each  of  the 
detector  output  files.  However,  the  dark  voltage  was  found  to 
fluctuate  with  time.  It  is  this  dark  voltage  fluctuation  which 
represents  the  icairi  source  of  noise  in  the  single  slit  detector 
instrument. 

Under  low  illumination  levels  this  dark  voltage  fluctuation 
is  the  dominant  sovurce  of  noise  for  the  multislit  instrument  and 
accordingly  the  multislit  instnment  S/N  ratio  increases  as  the 
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source  strength  increases  amd  overcones  the  dark  voltage 
variation.  In  source  strength  regions  above  70  mW/u^  amother 
noise  nechanisn  begins  to  dominate  and  limits  the  RTS  S/N.  The 
spectral  noise  begins  to  increase  proportionally  with  the  peak 
signal  strength.  This  noise  can  be  attributed  predominately  to 
optical  adaerrations. 

Systematic  errors  in  the  instrument  cam  be  thought  of  as 
encodegram  error.  A  number  of  mechanisms  exist  which  will  cause 
the  encodegrams  to  deviate  from  the  idealized  imaging  assumed  in 
oiir  theoretical  amalysis.  The  layout  of  the  instnment  demamds 
off-aueis  imaging  of  the  entrance  mask.  This  results  in  non- 
vmiform  blurring  for  different  portions  of  the  mask  which  varies 
with  wavelength,  since  different  poxrtions  of  the  entramce  mask 
aure  used  for  different  wavelengths.  Additionally,  amamorphic 
magnification  amd  stray  light  aure  other  noise  sources  which  will 
be  correlated  with  the  encodegram,  amd  therefore  with  the 
wavelength  of  the  test  source.  The  strength  of  these  encodegram 
errors  increases  as  the  source  strength  increases.  They 
eventually  limit  the  Hadaunaurd  transform  spectrometer  application 
in  strong  illumination  level  situations. 

The  effect  of  the  detector  daurk  noise  fluctuation  on  the 
spectra  has  been  determined  by  sampling  100  daurk  voltage  outputs. 
One  output  file  has  been  subtracted  from  the  others  to  yield  99 
files  which  contain  information  about  the  detector  array  dark 
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voltage  variation  with  tine,  average  value  of  the  standard 

deviation  of  each  detector  over  the  99  samples  was  taken  emd  used 
along  with  the  peak  value  of  the  aultislit  spectra  to  construct  a 
S/N  ratio.  This  S/N  ratio  is  plotted  in  Figiire  9  (c)  and 
emulates  the  multislit  instrument's  performance  based  on  detector 
noise  only.  It  is  worth%rhile  to  note  that  the  S/N  curve 
constructed  has  a  slope  similar  to  the  multislit  S/N  in  the  low 
source  strength  regions. 

Figure  10  compares  signal-to-noise  ratios  for  the  same  slit 
widths  in  single  slit  and  aultislit  configurations.  Curve  (a)  is 
transferred  from  Figure  9  and  is  the  multislit  instruments  signal 
to  noise  based  on  detector  noise  only.  Ciirve  (b)  represents  the 
calculated  single  slit  perfozmance  by  dividing  curve  (a)  by 
N^/^/2.  Curve  (c)  shows  the  actual  test  data  for  a  50  /m  single 
slit  configurations.  There  is  fairly  good  agreement  between  the 
calculated  and  meastired  S/N  ratios  for  the  single  slit 
configuration . 

The  S/N  ratio  i]ig>roveaent  obtained  can  be  better  quauitified 
by  Figure  11.  Here  we  ratio  the  aultislit  S/N  to  the  single  slit 
S/N  for  the  low  illumination  levels  ^ere  the  multislit 
instrument  seems  to  yield  an  improvement  (  Lg^urc*  ^  M^/m^) . 

The  conqparison  with  the  50  fm  single  slit  yields  an  improvement 
of  approximately  4.14,  while  the  comparison  with  the  100  nn 
single  slit  yields  an  improvement  of  2.08,  as  opposed  to  the 
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th«or«tical  factor  of  7.92. 


▼.  coactvaian  m  ceMMwmra 

Tbe  constructed  Hadaoard  transfona  spectrometer  has 
displayed  the  capability  of  simultaneously  capturing  spatially 
encoded  spectral  information.  The  encoded  spectxim  of  a  Xe  line 
source  2md  a  broader  13  nm  interference  filter  source  have  been 
successfully  reconstructed.  Under  conditions  of  low  illumination 
levels  the  multislit  instrument  has  displayed  a  S/N  i]q>rovement 
of  a  factor  of  2.08  over  a  single  slit  instrument  with  the  same 
spectral  resolution. 

Our  analysis  of  the  data  obtained  suggests  that  the 
performance  of  the  breadboard  multislit  instrument  may  be 
iiqproved  by  enhancing  the  performance  of  the  optical  system.  A 
more  advanced  optical  design  yAiich  would  better  image  the 
extended  entrance  mask  onto  the  focal  plane  would  iaqprove  the 
multislit  instrument's  spectral  resolution  and  limit  encodegram 
error,  increasing  the  system's  upper  S/N  ratio  limit.  The 
multislit  instrument  was  also  examined  with  an  N^SOS,  50  im  slit 
width  entremce  mask.  The  performance  of  the  HTS  in  this 
configuration  was  very  limited  as  the  effects  of  optical 
aberration,  anamorphic  magnification,  and  second  order 
diffraction  combined  to  severely  degrade  the  performance  of  the 
multislit  instrument. 
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It  should  b«  notsd  here  that  an  alternate  technique  was 
attempted  to  decode  the  spectral  inforsation  froa  the  spatially 
encoded  data.  The  spectral  data  presented  here  were  decoded  by 
transfomation  of  the  spatially  encoded  voltage  outputs  by  a 
binary  S-aatrix.  The  S-aatrix  consisted  of  ones  and  zeros 
exclusively,  assuaing  perfect  optical  iaaging,  linear  shift 
invariemce,  and  unifora  detector  emd  grating  efficiencies.  We 
have  atteapted  to  replace  the  binary  S-aatrix  with  a  weighted  W- 
aatrix  which  contains  the  actual  weighting  coefficients 
corresponding  to  our  instruaent's  iaaging  and  dispersion 
properties.  The  W-aatrix  was  constructed  by  obtaining  an 
encodegraa  at  each  of  the  instruaents  251  spectral  eleaents. 

These  251  data  files  were  obtained  by  using  a  aonochroaeter  with 
a  Xe  arc  laiq)  as  a  calibrated  source  in  an  F/2  configuration. 
J^lication  of  this  inverse  W-aatrix  has  resulted  in  successful 
reconstruction  of  any  of  the  251  data  files  obtained  in  this 
original  data  set,  however,  application  of  the  W~aatrix  to  any 
unknown,  polychroaatic  source  results  in  a  spectra  which  contains 
no  recognizable  spectral  inforaation.  We  attribute  this  poor 
performance  of  the  W-aatrix  tremsforaation  to  the  difference 
between  the  instruaent  constructed  and  instrument  modeled  in 
theory. 

The  theoretical  application  of  the  S-matrix  to  decode  the 
spectra  demanded  a  circulant  matrix  where  each  row  could  be 
obtained  by  any  other  row  after  a  line2u:  shifting  of  the 
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•loMnts.  The  H-aatrix  obtained  is  coa^rised  of  individual 
encodegraas  which  vary  in  aaqplitude  by  as  auch  as  a  factor  of  3 
due  to  differences  in  grating  efficiency  and  detector 
responsivity.  In  addition,  the  spatial  v2uriation  of  each 
encodegraa  is  different  because  of  the  non-unifora  dispersion  and 
blurring  of  each  of  the  different  slit  positions.  Furthermore, 
our  fila  aasic  is  neither  perfectly  opaque  or  perfectly 
transaitting,  and  random  noise  is  also  present  from  detector  dark 
current  variation  aind  optical  crosstalk,  simulation  of  em  N»7, 
Hadamard  encoded  system  has  shown  that  as  the  W-aatrix  departs 
from  the  circulemt  properties  present  in  the  S-aatrix  the  (quality 
of  the  spectral  reconstruction  degrades.  We  believe  that  the 
variation  of  the  different  encodegraas  used  to  make  up  this 
instrument's  W-aatrix  is  significant  enough  to  make 
reconstruction  of  the  spectral  information  impossible. 

Application  of  the  W-matrix  technique  requires  an  instrument  with 
similar  spectral  responsivities  and  a  more  uniform  point  spread 
function  across  the  entremce  mask. 


Thtt  authors  wish  to  acknowledge  Toa  Mikes  emd  Cheurles  Hatch 
of  Aaerican  Holographic,  Littleton,  Ma,  for  design  of  the  grating 
and  construction  of  the  instximent,  and  also  Stephen  Davis  of 
Real  Tiae  Engineering,  Inc.,  Holliston,  Ma,  for  software 
development.  This  work  was  supported  by  Phillips  Laboratory 
xinder  contract  number  F19628-85*>C-0103. 
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7igux«  l:  Comparison  of  conventional  single  slit,  photodiode- 
eunray  spectrometer  and  Hadeuaard  transform  spectrometer. 

Figure  2:  Photograph  of  Hadeunanrd  transform  spectrometer. 

Figure  3:  Experimental  layout  of  HTS  with  narrow-bandpass 
filtered  soxirce. 

Figure  4:  Xe  pen  lemp  spectra  obtained  with  100  tm  single  slit 
spectrometer . 

Figure  5:  Xe  pen  leunp  spectra  reconstructed  from  Hadamard 
transform  spectrometer. 

Figure  <:  Typical  detector  output  encodegrams  for  the  narrow- 
bandpass  filter  so\irce  at  two  different  source  strengths.  The 
me2m  value  of  each  encodegreun  has  been  removed  for  display. 

Figure  7:  Reconstructed  spectra  obtained  from  the  HTS  with  three 
different  source  strengths. 

Figure  8:  Single  slit  spectra  obtained  with  the  same  three  source 
strengths  as  in  Figure  7. 
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Yigurs  9:  Coaparison  of  the  S/N  ratios  obtained  in  aultislit  (a) 
and  single  slit  (b)  configurations  as  a  function  of  source 
irradiance.  A  third  S/N  ratio  is  constructed  froa  the  aultislit 
pe2Uc  signal  and  a  detector  dark  voltage  tera  (c)  as  described  in 
the  text.  This  third  S/N  ratio  (c)  is  used  to  siaulate  the 
perfoin&ance  of  a  HTS  which  is  S/N  liaited  by  detector  deurk 
voltage  teaporal  variation. 

Figure  10:  Coaparison  of  the  single  slit  S/N  ratio  obtained  with 
a  50  tm  entrance  slit  (c)  and  the  sa^ae  S/N  as  calculated  (b)  froa 
the  detector  deurk  voltage  liaited  aultislit  S/N  ratio  (a) . 

Figure  ll:  S/N  ratio  iaproveaent  obtained  with  the  NTS  coapared 
with  the  50  tm.  single  slit  spectrometer,  the  100  tm  single  slit 
spectrometer  which  has  comparable  resolution,  and  the  theoretical 
limit  of  N^/^/2. 
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Figure  l:  Comparison  of  conventional  single  slit,  photodiode-eunray 
spectrometer  and  Hadamard  tremsform  spectrometer. 


Figure  2: 


Photograph  of  Had  award  Transfom  Spectrcweter 
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Figure  3:  Experimental  layout  of  HTS  with  narrow-bandpass  filtered 
source. 
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Figtir*  4:  Xe  pen  lamp  spectra  obtained  with  100  tm  single  slit 
spectrometer . 
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Fignr#  5  s  Xe  pen  lamp  spectra  recons'truc'ted  from  Hadauoaurd  'trauisform 
spectrometer . 
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Figure  6:  Typical  detector  output  encodegreuns  for  the  n2urrow- 
bandpass  filter  source  at  two  different  sotirce  strengths.  The  mean 
value  of  each  encodegram  has  been  removed  for  display. 
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Figure  7:  Reconstructed  spectra  obtained  from  the  HTS  with  three 
different  source  strengths. 
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Figure  8:  single  slit  spectra  obtained  with  the  seune  three  source 
strengths  as  in  Figure  7. 
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Vignr*  9:  Comparison  of  the  S/N  ratios  obtained  in  nultislit  (a)  and 
single  slit  (b)  configurations  as  a  function  of  source  irradiance.  A 
third  S/N  ratio  is  constructed  from  the  multislit  peedc  signal  and  a 
detector  deurk  voltage  term  (c)  as  described  in  the  text.  This  third  S/N 
ratio  (c)  is  used  to  simulate  the  performance  of  a  NTS  which  is  S/N 
limited  by  detector  dark  voltage  temporal  veuriation. 
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Vignr*  10:  Coupeurison  of  the  single  slit  S/N  ratio  obtained  with  a 
50  ftm.  entremce  slit  (c)  and  the  sane  S/N  as  calculated  (b)  from  the 
detector  deurk  voltage  limited  nultislit  S/N  ratio  (a) . 
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Flgnr*  11:  S/N  ratio  improvement  obtained  with  the  HTS  compared 
with  the  50  fm  single  slit  spectrometer,  the  100  tm  single  slit 
spectrometer  which  has  comparedsle  resolution,  and  the  theoretical 
limit  of  N^/2/2. 
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Part  2. 

Topic  2.  Contamination  Degradation  Program 
Principal  Investigator  Mr.  James  J.  Guregian 
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CONTAMINATION  DEGRADATION  PROGRAM 


OBJECTIVE:  To  measure  the  BRDF  of  the  primary  mirror  in  the  CIRRiS 

chamber  externally.  To  monitor  the  BRDF  through  a  series  of 
warm  to  cold  cycles,  and  to  analyze  the  effect  of  contamination 
degradation  on  the  scatter  characteristics  of  the  mirror. 

PROCEDURE:  1.  Rrst  baseline  BRDF  bench  measurements  of  the  CIRRIS 

primary  mirror  were  performed  with  SSG's  standard  BRDF 
test  station.  Two  spots  were  measured  on  the  mirror.  The 
BRDF  measured  a  moderate  to  low  number  of  7.0  e-4  0r 
(Rgure  1).  A  non  superfinished  CIRRIS  primary  was  tested 
as  well  to  verify  the  apparatus,  it  had  a  BRDF  of  5.0  e-1  Q 

r. 

2.  The  next  step  was  to  install  the  test  mirror  in  the  teiesoope,  mount 
it  in  the  CIRRIS  chamber,  and  repeat  the  measurements  with  the 
external  BRDF  station  (Rgure  2). 

The  first  tests  were  done  with  the  chamber  open.  After  slight 
modifications  of  ttie  light  trap,  the  measurements  from  the  external 
BRDF  station  were  consistent  with  the  BRDF  calculated  from  the 
bench  test 

The  CIRRIS  chamber  was  then  closed.  The  measurements  were 
again  similar  to  the  baseline,  therefore  the  external  BRDF  station 
provided  to  be  operational. 

3.  We  were  now  able  to  run  the  chamber  through  a  series  of  cryo 
cycles  monitoring  the  primary  mirrors  BRDF  at  each  step,  vie 
proceeded  as  follows: 

a.  BRDF  with  the  chamber  dosed,  no  vacuum 

b.  BRDF  with  the  chamber  under  vacuum,  roughing  pump  20 
hours 

c.  BRDF  after  running  turbomolecular  pump  8  hours  (Rgure  3) 

d.  Cooled  chamber  down  to  100K  (Rgure  4) 

e.  Warmed  the  system  back  to  room  temperature 

f.  Vented  the  system  back  to  atmospheric  pressure 

g.  Repeated  steps  a  through  f  (Rgure  5) 

4.  Rnally.  the  CIRRIS  primary  vras  removed  from  the  chamber  and 
returned  to  the  test  bench.  BRDF  measurements  were  again 
recorded  to  verify  the  mirrors  status. 
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RESULTS  AND  CONCLUSIONS 


The  CIRRIS  primary  consistentty  measured  a  BROF  of  7  e-4  at  1  degree. 
Results  from  the  bertch  te^  and  the  external  BRDF  measurements  were  in  complete 
correlatton.  Ructuatlons  in  the  external  BROF  data,  were  well  within  e)g)erimental 
error.  Two  complete  warm’  to  cold  cycles  were  performed  on  the  primary,  with  no 
measurable  change  in  the  BROF.  Figure  6  is  a  composite  graph  of  the  BROF 
measurements  from  the  test  bench.  CIRRIS  chamber,  first  cold  cyde,  second  cold 
cyde,  and  the  final  ambient  state  of  the  CIRRIS  primary  mirror. 

Currently  the  CIRRIS  primary  is  undergoing  the  process  of  being  re* 
superfinished.  The  mirror  tested  to  be  an  average  low  scatter  optic.  We  would  like  to 
repeat  this  test  with  a  mirror  of  BROF  of  1  e-4  at  1*.  A  higher  quality  mirror  will 
increase  our  sensitivity  in  monitoring  the  contamination  during  our  tests. 


49 


DATA:  External  BRDF  of  CIRRiS  primary  ttirough  2  cryo  cycles. 


Date/Time 

3* 

5.5* 

7.7* 

Comments 

2/2/88 

• 

no  vacuum 

1430 

34  mV 

18  mV 

10  mV 

begin  pumping  1435 

1700 

36  mV 

18.4  mV 

10  mV 

300  mtorr 

2/3/88 

■■ 

75  mtorr 

0900 

21.2  mV 

11  mV 

turbo  on 

1100 

18.6  mV 

11  mV 

35  mtorr 

1300 

19  mV 

10.8  mV 

1600  n2  flowing 

2/4/88 

15  mtorr 

0900 

52  mV 

18.4  mV 

9  mV 

180K 

2/5/88 

■■ 

15  mtorr 

1000 

52  mV 

11.4  mV 

300K 

1315 

46  mV 

10.4  mV 

P  atm 

1530 

36  mV 

10  mV 

50  mtorr 

2/7/88 

25  mtorr 

1630 

52  mV 

19.4  mV 

10.6  mV 

300K,  n2  flowing 

2/8/88 

15  mtorr 

0900 

34.2  mV 

17.4  mV 

10  mV 

160K 

1600 

36  mV 

18  mV 

9.6  mV 

100K 

2/10/88 

■H 

290K 

0930 

16.0  mV 

10  mV 

1000 

16.8  mV 

10  mV 

P  atm 

Laser  power  8  W  chopped  to  4  W 
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Oitt:  Jan.  25. 1968 
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80 
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300) 
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1.00E-K)0 

4.7SE4)e 

30) 

OJ08201 

1.108E-04 

•1.283032S6 

668627 

4444E<a5 

66822 

34j)0 

1.a0E-K)0 
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B^OF  -  >0  e  I  PRIMARr  mirror  bench  test 
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Figure 


CIRRIS  FRIM4R"r  ERDF  U  JDER  VACUUM 
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Figure  4 


CIRRIS  PRIMARr  ERDF  AFTER  2  CTCLES 
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Figure  6 


Part  3. 

Topic  3.  Supersensttive  IR  Spectrometer  for  Spatial 
Measurements 

Prindpai  Investigator  Dr.  Holger  M.  Luther 
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PHASE  1  -  DESIGN 


The  design  study  conducted  during  the  first  phase  of  this  effort  identified  a 
number  of  spectral  measurement  programs  that  will  derive  a  substantial  benefit  from 
the  utilization  of  a  cryogenic  infrared  spectrometer  composed  of  a  Fabry-Perot 
interferometer  and  the  Rodcwell  Solid  State  Photomultipiier  (SSPM).  The  combination 
of  the  extremely  narrow  spectral  bandpass  and  the  very  low  noise  equivalent  power 
(NEP)  of  the  SSPM  would  make  possible  the  ground-based  observation  of  auroral 
phenomena  in  certain  spectral  window  regions  of  the  atmosphere  and  upper 
atmospheric  emission  phernmiena  generally.  Satellite  or  rocket-borne  remote  sensors 
equipped  with  the  above  spectrometer  could  be  used  to  investigate  earth  limb 
radiance  mechanisms  at  tangent  heights  as  low  as  80  km  and  to  conduct  boost  phase 
surveillance  missions. 

it  was  the  intention  of  the  second  phase  of  this  program  to  obtain  a  cryogenic 
Fabry-Perot  interferometer  from  NRL,  an  SSPM  from  Rockwell  International  and  to 
install  that  combination  in  the  LABCEDE  or  COCHISE  chambers  of  the  AF 
Geophysics  Laboratory  to  verify  the  performance  predictions  derived  in  the  study 
phase  of  the  program.  This  effort,  however,  was  redirected  when  it  became  apparent 
that  the  NRL  interferometer  would  not  be  available  to  the  program.  The  redirected 
program  effort  consisted  of  a  design  analysis  of  a  user-friendly,  transportable, 
cryogenic  Fabry-Perot  interferometer  based  on  the  technical  approach  adopted  by 
NRL.  The  statement  of  work  included  the  following  tasks: 

1.  Formulate  an  instrument  concept  that  utilizes  the  technical  approach  of 
the  NRL  interferometer. 

2.  Identify  Its  critical  components  and  determine  if  these  can  be  fabricated 
to  the  required  specifications  using  presently  available  technologies. 

3.  Design  and  detail  the  spectrometer  components  and  place  orders  for 
those  that  require  long  procurement  times. 

4.  Estimate  the  performance  of  the  instrument  and  present  the  results  of 
the  design  analy^'  o  a  design  review. 

These  tasks  were  completed  on  or  before  15  August  1988,  and  a  preliminary  design 
review  was  held  on  31  August  1989. 

2.0  TECHNICAL  APPROACH 

Infrared  Fabry-Perot  interferometers  using  planar  and  spherical  cavity  mirrors 
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are  available  oommerdally  from  various  vendors  such  as  Burleigh  Instrument  Corp. 
These  instruments  are  generally  constructed  from  materials  that  have  very  low  thermal 
expansion  coefficients,  such  as  Invar  or  Super  invar.  The  control  of  the  cavity  mirror 
spacing  is  accomplished  with  the  aid  of  piezoelectric  drivers  and  high  precision 
mechanical  lead  screws.  The  interferometers  therefore  rely  on  highly  stable 
mechanical  mirror  support  structures  and  piezoelectric  actuators  to  set  and  maintain 
cavity  spacing.  This  is  proven  technology  for  ambient  temperature  spectral 
measurement  instrumentation  which,  however,  cannot  be  utilized  at  cryogenic 
temperatures  since  mechanical  stability  of  the  mirror  mounts  can  no  longer  be 
maintained,  the  piezoelectric  actuators  are  substantially  impaired  by  the  low 
temperature,  and  access  to  mechanical  alignment  micrometer  screws  is  precluded  by 
the  dewar  wall.  Thus,  the  alignment  and  control  of  the  cavity  must  be  accomplished 
using  electromechanical  devices  that  can  be  used  at  cryogenic  temperatures,  while 
the  mirror  spacing  is  monitored  with  sensors  that  likewise  are  unaffected  by  the  cold 
temperature  or  can  be  remotely  connected  to  the  etalon  with  the  aid  of  fiberoptic 
cables.  This  is  the  approach  adopted  by  Howard  Smith  (1)  in  the  design  of  the  NRL 
interferometer.  Smith  used  voice  coil  drivers  to  move  and  control  the  mirror  cavity 
spacing  and  three  visible  light  etalons  located  at  120*  intervals  near  the  periphery  of 
the  IR  etalon.  These  peripheral  etalons  sense  the  mirror  cavity  spacing  and  provide 
the  error  signal  to  the  servo  system  which  controls  the  power  to  the  actuators. 

This  control  concept  was  first  developed  by  J.  V.  Ramsey  (2)  who  noted  that 
the  cavity  spacing  of  one  etalon  can  be  set  at  exactly  that  of  another  by  illuminating 
the  first  (fixed)  etalon  with  a  broad  band  light  and  tuning  the  second  one  until  the 
transmitted  light  reaches  a  maximum.  The  principie  is  illustrated  in  Figure  1  and  is 
expressed  mathematically  as  follows: 

l(S,x)  =  LB(X)(T,*/(1+(Ai  sin«Sa)*))(TjV(1+(A,sinic(S+x)/X)*))dX 

where  T  is  the  transmittanoe  of  the  etalons,  B  is  the  spectral  distribution  of  the  broad 
band  light,  S  is  the  cavity  spacing  of  the  first  etalon,  and  S-i'X  is  that  of  the  second. 

The  amplitude  A  of  the  Airy  functions  is  given  by  A  »  2F/x  in  which  F  is  the  effective 
finesse  of  the  etalon.  A  numerical  integration  of  the  above  intensity  function  reveals 
that  I  has  maxima  virhenever  x  is  a  multiple  of  XJ2  wherein  \  is  ttie  wavelength  at  the 
peak  of  the  spectral  distribution  of  the  incident  light  The  maxima,  however,  have  a 
global  peak  when  x  =  0.  This  is  seen  in  Rgure  2  which  shows  the  intensity  of  the 
transmitted  light  at  discrete  points  in  arbitrary  units.  The  parameters  S  and  \  have 
been  chosen  to  be  consistent  with  the  ej^ected  cavity  spacing  of  the  actual  IR  etalon 
being  designed  and  the  center  wavelength  and  width  of  the  light  from  a  Hitachi 
QaAIAs  light  emitting  diode. 

Smith  utilized  the  above  concept  and  refined  it  by  splitting  the  light  transmitted 
through  the  fixed  (reference)  etalon  into  two  separate  light  paths  which  illuminated  two 
control  etalons  at  each  of  the  three  peripheral  locations  of  the  IR  etalon.  The  etalon 
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cavity  spacing  of  each  such  pair,  moreover,  differed  by  XJA  which  caused  the 
transmitted  intensities  to  be  90*  out  of  phase  with  each  other.  Thus  a  very  tight 
control  of  the  mirror  cavity  was  achieved  by  nulling  the  difference  signal  obtained  from 
each  pair  of  control  etalons. 

The  SSG  control  concept  also  utilizes  Ramsey's  prindpte,  but  instead  of 
integrating  the  control  etalons  into  the  servo  system,  these  will  only  be  used  to 
calibrate  three  differential  eddy  current  sensors  collocated  with  the  control  etalons. 
This  concept  is  illustrated  in  the  block  diagram  shown  in  Figure  3.  The  eddy  current 
sensors  used  in  the  SSG  interferometer  are  the  KD-5100  series  differential  position 
sensors  manufactured  by  the  Kaman  Instrumentation  Company.  These  have  been 
specifically  designed  to  function  at  cryogenic  temperatures  and  feature  a  noise 
equivalent  displacement  of  10'^  mm/Hz^.  Thus  the  residual  displacement  uncertainty 
fbr  a  100  Hz  servo  system  is  on  the  order  of  20  nm.  This  uncertainty  is  less  than 
1/200th  of  a  wavelength  in  the  MWIR. 

Etalon  Rnesse  and  Resolution 

Jaoquinot  (3)  has  shown  that  the  effective  finesse  F  of  a  Fabry>Perot 
interferometer  is  generally  limited  by  the  surfece  roughness  of  the  cavity  mirrors  and 
the  residual  tilt  between  them.  Both  tilt  and  surfece  may  be  given  a  component 
finesse  analogous  with  the  reflective  finesse  obtained  from  the  first  order  theory  of  the 
F<P  interferometer.  The  effective  finesse  is  then  obtained  from  sum  of  the  squares  of 
their  reciprocals  •  e.g., 


1/F"  =  1/Fp*  +  1/F*  +  1/F* 

wherein  Fp  is  the  parallelism  finesse,  F,  is  the  flatness  finesse,  and  F,  is  the  reflective 
finesse.  These  may  be  computed  from  the  following  expressions; 

Fp  =  m/3’'*  when  mirrors  are  parallel  to  X/m 

Ff  =  m/2  when  mirror  sur^ce  is  flat  to  X/m 

F,  =  iiR’'*/(1-R)  when  R  is  the  mirror  reflectance 

The  resolution  (full  peak  width  at  half  maximum)  is  then  given  by  the  free  spectral 
range  divided  by  the  effective  finesse  -  i.e., 

res.  =  1/(2SF)  wave  numbers 

The  above  expressions  fbr  the  component  finesses  make  it  dear  why  the  effective 
finesse  is  limited  by  the  mirror  surface  conditions  and  the  attainable  parallelism  of  the 
cavity  mirrors.  IR  transmissive  materials  are  generally  softer  than  those  that  are  used 
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in  the  visible  spectnim.  Thus  a  substrate  of  ZnS  or  ZnSe  polished  to  Ati,m,^Q  is  quite 
representative  of  today's  state  of  technology.  The  above  flatness  then  at  a 
wavelength  of  5  pm  yields  an  F,  on  the  order  of  80,  while  the  noise  equivalent 
displacement  uncertainty  of  the  Kaman  displacement  sensors  lead  to  an  that  is  on 
the  order  of  60,  since  one  will  have  to  double  the  aforementioned  noise  equivalent 
(fisplaoement  to  estimate  the  total  tilt  over  the  mirror  aperture.  The  reflective  finesse 
was  therefore  specified  such  that  the  effective  finesse  would  be  on  the  order  of  50. 
Thus  a  firee  spectral  range  of  25  cm'*  yields  a  resolution  of  0.5  cm'*  which  is 
consistent  with  the  requirements  of  the  demonstration  interferometer  while  the  free 
spectral  range  is  within  range  of  the  spectral  bandpass  of  dielecthc  interference  filters 
which  must  serve  as  order  sorting  filters. 


An  ideal  F-P  interferometer  illuminated  with  collimated,  monochromatic  light 
transmits  a  fraction  of  that  light  given  by 

T  =  (1  -  A/(1-R))* 

wherein  A  is  the  absorption  of  the  light  within  the  mirror  coating.  This  can  be  high 
when  metallic  coatings  are  used;  but  is  on  the  order  of  0.5  to  1 .0%  when  dielectric 
mirrors  are  used.  Thus,  a  reflectance  of  95%  and  the  above  absorbtance  yields  a 
transmittance  on  the  order  of  64%.  Hernandez  (4)  has  shown,  however,  that  the 
transmittance  must  be  modified  to  indude  losses  due  to  mirror  imperfections  and  tilt 
Thus,  the  transmittance  becomes 

T  =  T^^  ((1-R)/(1-Re))* 

wherein  is  an  effective  reflectance  determined  from 
Re  =  1  -  ic/F  +  {7d2¥f 

The  above  effective  transmittance  for  F  »  50  is  thus  equal  to  42%. 

If  the  inddent  light  is  not  collimated,  the  off-axis  rays  are  attenuated  due  to  the 
feet  that  the  ca.ity  spadng  is  diminished  by  the  cosine  of  the  angle  of  inddence. 
Thus  Jacquinot  (3)  has  shown  that  the  solid  angle  subtense  of  an  F-P  interferometer 
of  resolving  power  R  (lambda/deita  lambda)  is  given  by 

de  =  2  7ia/R 

wherein  a  is  an  empirical  factor  on  the  order  of  0.8.  The  above  at  a  wavenumber  of 
2000  cm'*  yields  a  half  angle  on  the  order  of  0.00123  radians. 
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A  figure  of  merit  often  used  to  compare  the  performance  of  spectrometers  is  the 
"etendu”  which  is  the  product  of  the  aperture  and  dQ.  Thus  for  the  F-P  interferometer 
one  finds 


E  =  A„  IrcaJR 

■P 

wherein  A^  is  the  aperture  area  of  the  cavity  mirrors.  This  etendu  is  essentially 
identical  to  that  of  the  Fourier-Michelson  interferometer. 

Mechanical  Construction 

Figure  4  shows  the  layout  of  the  interferometer.  There  are  essentially  three 
independently  controlled  actuators  on  the  periphery  of  the  suspended  mirror  mount. 
Each  of  these  consists  of  two  BEI/Kimco  linear  actuators  (voice  coil  motors)  so  located 
that  their  center  of  effort  coincides  with  the  location  of  the  Kaman  position  sensor 
which  controls  these  VCM's.  The  VCM's  have  a  combined  motor  constant  of  1  Ib/A  to 
allow  the  interferometer  to  function  in  any  orientation,  since  the  suspended  mirror 
frame  weighs  about  2  lbs.  and  the  maximum  recommended  VCM  current  is  on  the 
order  of  2.5  A. 

The  three  flexures  were  designed  to  be  very  stiff  radially  lu  ensure  that  the 
VCM  coils  remain  in  alignment  with  the  magnets  and  highly  compliant  axially  to  keep 
the  loaded  resonance  frequency  of  the  suspended  mirror  frame  as  low  as  possible. 
The  design  analysis  of  the  flexures  assumed  tiie  etalon  to  be  horizontal  with  the  foil 
mirror  support  weight  on  the  flexure  dimensions  and  material  properties.  The  results 
are  seen  in  Rgure  5  which  shows  the  static  deflection  and  loaded  resonance  as 
functions  of  the  flexure  thickness.  The  graph  may  be  used  to  determine  a 
compromise  between  static  deflection  and  tolerable  resonance. 

The  fixed  mirror  frame  is  supported  by  two  stainless  steel  rods  against  which 
the  frame  is  pushed  by  a  1/4-20  plunger  screw  (11).  The  frame  is  retained  radially  by 
a  key  (19). 

The  mirrors  are  held  in  their  respective  frames  by  a  radial  spring  shown  in 
Rgure  6.  The  16  spring  leaves  are  bent  at  a  right  angle  to  the  ring  to  provide  a  purely 
radial  compression  of  the  mirror  substrate,  while  an  additional  ring  with  truncated 
leaves  that  are  left  straight  retains  the  mirror  axially.  An  analysis  of  this  retention 
technique  showed  that  the  maximum  deformation  of  the  substrate  due  to  this 
compression  is  on  the  order  of  1  microinc^.  This  is  well  within  the  flatness  criterion 
established  for  the  substrates. 
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The  reference  etalon  is  a  Burleigh  model  RC-150  which  is  driven  by  a 
piezoelectric  power  supply  that  provides  both  static  and  dynamic  alignment  of  its 
cavity  mirror.  A  GaAs  diode  laser  is  used  to  align  the  interferometer  using  the 
piezoelectric  ramp  function  generator  to  display  the  laser  line  on  an  oscilloscope. 

After  the  reference  etalcn  has  been  aligned  the  broad  band  GaAIAs  light 
emitting  diode  (LEO)  is  used  to  provide  the  required  reference  light  The  LED  light  is 
collimated  by  a  9  mm  focal  length  lens  and  refocussed  on  the  other  side  of  the  etalon 
onto  three  contiguous  fiberoptic  cables  which  direct  the  radiation  into  the  collimators  at 
the  periphery  of  IR  interferometer  as  shown  in  Rgure  4  (note  6).  The  fiberoptic  cables 
from  the  reference  etalon  are  connected  to  a  bulkhead  connector  mounted  on  the 
dewar  wall  and  connected  internally  to  three  fiberoptic  cables  specially  designed  to 
survive  the  cryogenic  environment  A  dual  photodetector  senses  the  light  transmitted 
through  the  cavity  mirrors  which  at  their  periphery  have  a  reflective  finesse  on  the 
order  of  40.  This  is  sufficient  to  provide  the  required  calibration  points  for  the  Kaman 
sensors. 

The  Central  Processing  Unit  and  Data  Acouisltion  System 


The  F>P  interferometer  is  controlled  by  an  IBM  PC/XT  computer  which  is 
connected  to  the  servo  system  via  a  Data  translation  model  DT2827  data  acquisition 
board  and  a  Metrabyte  P10-12  input-output  board  which  relay  the  spectral  scan 
commands  and  receive  the  Kaman  sensor  >  and  IR  photodetector  signals.  The  data 
flow  block  diagram  in  Figure  7  shows  the  instrument  control  concept 

The  servo  system  analog  commands  are  derived  from  the  I/O  board  digital 
commands  via  three  18  bit  D/A  converters  which  have  suffldent  resolution  to  step  the 
suspended  mirror  mount  through  the  Kaman  sensor  calibration  range  and  the  free 
spectral  range  of  the  interferometer. 

Critical  Parts  Procurement 

The  critical  parts  of  the  interferometer  consist  of  the  cavity  mirrors,  the  Kaman 
position  sensors,  and  the  BEI/Kimco  VCM's.  The  latter  two  have  been  ordered  from 
the  catalogue  of  the  respective  manufacturer,  while  the  cavity  mirrors  are  custom 
made  to  specifications  by  Janos  Technology.  A  conference  with  Janos  technical 
personnel  resulted  in  the  following  specifications: 


1. 

Aperture  (IR) 

50  mm 

2. 

Surface  Fiatnesss 

1/20th  wave  (HeNe) 

3. 

Reflectance  (IR) 

96%  (4  pm  to  6  pm) 

4. 

Reflectance  (periphery) 

93%  (0.7  pm  to  0.9  pm) 
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5.  Wedge 

6.  Substrate  matt 

7.  Scratch/dig 

8.  A/R  coating 

The  Cryogenic  Dewar 

The  liquid  nitrogen  dewar  used  to  demonstrate  the  instruments  performance  is 
a  side  looking  stainless  steel  canister  manufoctured  by  Janis  Research  Co.  it  is 
shown  in  cross-section  in  Figure  8  which  also  illustrates  the  anticipated  installation  of 
the  interferometer  and  the  detector.  The  dewar  is  not  purchased  for  this  contract  and 
will  remain  with  SSG,  Inc. 
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PHASE  2  <  HARDWARE  PHASE 
1.0  INTRODUCTION 

The  SSG  cryo^nic  etalon  system  was  being  developed  for  the  Air  Force 
Geophysical  Laboratories  (AFGL)  scientific  rocket  and  balloon  experiments.  The 
instrument  provides  stabUization  of  the  etalon  mirror  cavity  to  a  paraHelism  equal  to  or 
better  than  0.2  arcseconds  over  a  servo  system  bandwidth  of  100  Hz.  The  mirror 
cavity  spacing  is  controlled  by  six  voice  coil  motors  (VCM's)  which  are  driven  by  three 
servo  systems  which  each  use  a  Kaman  5100  series  differential  eddy  current  sensor 
to  measure  the  relative  separation  of  the  two  etalon  mirrors.  The  Kaman  sensors  have 
a  noise  equivalent  displacement  of  1x1 0'^  mm/(Hz)'^  and  are  therefore  capable  of 
resolving  differential  displacements  on  the  order  of  10  nanometers  at  a  signal  to  noise 
level  of  10:1.  The  moveable  mirror  is  supported  on  an  aluminum  frame  which  in  turn  is 
suspended  from  the  main  frame  by  three  flexures  that  have  high  axial  compliance 
while  retaining  a  sufficient  radial  stiffoess  to  maintain  the  alignment  of  the  VCM  coto 
in  their  respective  armatures.  Figure  1-1  shows  the  prototype  hardware. 

The  mechanical  design  of  the  etalon  is  seen  to  have  a  measured  open  loop 
response  shovtm  In  Figure  1-2.  The  loaded  resonance  peaks  of  the  linear  flexures  are 
located  at  approximately  15  and  18  Hz.  These  frequencies  represent  a  good 
compromise  between  allowable  (uncontrolled)  static  deflection  and  the  requirement  of 
having  the  lowest  feasible  natural  resonance.  The  open  loop  response  was  found  to 
be  free  of  parasitic  mechanical  resonances  except  for  a  rather  prombient  peak  at  1.2 
KHz.  This  viteation  was  determined  to  be  the  fundamental  resonance  of  the  mirror 
support  plate.  This  resonance,  however,  was  sufficiently  for  from  the  servo  system's 
comer  frequency  to  be  of  no  concern.  Figure  1-2a  shows  the  closed  loop  frequency 
response  of  the  FPIRS. 

The  principal  features  of  the  servo  system  are  shown  in  the  block  diagram  in 
Figure  1-3.  The  photodiode  cells  shown  in  the  diagram  are  used  to  calibrate  the 
Kaman  sensors  which  are  in  the  control  loop.  The  system  is  controlled  from  the 
keyboard  of  an  IBM  AT  computer.  The  resolution  of  the  D/A  converters  controlling  the 
actuators  is  required  to  be  18  bits.  The  18  bits  are  necessary  to  step  the  etalon  mirror 
spacing  over  its  free  spectral  range  in  increments  of  its  0.5  cm*'*  spectral  resolution. 


2.0  Final  Program  Status. 

As  of  the  date  of  termination  of  this  program  the  following  tasks  were 
completed: 
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ia'SU  PABRY-PEROT  iNFRAREO  SPECTROMETER 
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P.IBKR  OPTIC  VAiJUUM  PEEDTHROUG 


FIQURE 
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Frequency  In  Hz 


6L0CK  DIAGRAM  -  5CE  ELECTRONICS 


SS6  CRYOGBHZC  BTALOM  CONTROL 
BLBCTROMICS  -  BLOCK  DIAGRAM 

FIGURE  i>3. 
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1.  Procurement  of  all  required  components  inclusive  of  the  etalon  mirrors  the 
finesse  of  which  is  shown  in  Figure  1-4,  the  actuators,  Kaman  sensors, 
fiberoptic  cables  and  sensors,  the  Buriey  referent  etalon,  and  ail  machined 
and  photoetched  parts  comprising  the  prototype  unit 

2.  Experimental  verification  of  the  transmittance  of  the  fiberoptic  cable  system  to 
ascertain  that  its  total  attenuation  did  not  exceed  8  dB  (measured  attenuation: 
5.5  dB). 

3.  Experimental  verification  of  closed  loop  response  of  the  mirror  servo  system. 
This  was  accomplished  with  the  moving  mirror  configured  in  a  Michelson 
interferometer.  This  activity  led  to  the  conclusion  that  the  servo  required  a 
velocity  loop  to  prevent  a  slow  oscillation  of  the  mirror  system  about  its  nominal 
position  as  sensed  by  the  Kaman  sensors. 

4.  Formulated  the  digital  ini^rface  to  control  the  interferometer  from  the  PC  and 
formatted  the  correction  look-up  tables  for  the  three  sensors  (and  actuators). 

5.  Designed  and  procured  the  absorption  cell,  spectral  order  sorting  filters,  and 
light  source  to  provide  the  prototype  etalon  with  a  known  spectral  source 
against  which  the  unit  could  be  calibrated. 

6.  Designed  the  cryogenic  fixture  to  test  the  unit  at  77”  K  in  a  cryostat  with  a  ZnS 
(Cieartran)  window. 

7.  Assembied  the  prototype  etalon  system  using  the  Fabry-Perot  mirrors  fabricated 
by  Janos  Technology. 

Ongoing  activities  at  the  time  of  tennination  of  this  program  included  the 
integration  of  the  velocity  loop  into  the  servo  system,  a  final  review  of  the  fixtures  for 
the  cryostat  prior  to  their  fabrication,  the  integration  of  the  spectral  source  facility,  final 
system  check-out  of  the  prototype  unit  and  its  integration  with  the  servo  system. 
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EFFECTIVE  FINESSE  OF  SSG  ETALON 


